a b s t r a c t Nanomaterials constitute a class of structures that have unique physiochemical properties and are excellent scaffolds for presenting carbohydrates, important biomolecules that mediate a wide variety of important biological events. The fabrication of carbohydrate-presenting nanomaterials, glyconanomaterials, is of high interest and utility, combining the features of nanoscale objects with biomolecular recognition. The structures can also produce strong multivalent effects, where the nanomaterial scaffold greatly enhances the relatively weak affinities of single carbohydrate ligands to the corresponding receptors, and effectively amplifies the carbohydrate-mediated interactions. Glyconanomaterials are thus an appealing platform for biosensing applications. In this review, we discuss the chemistry for conjugation of carbohydrates to nanomaterials, summarize strategies, and tabulate examples of applying glyconanomaterials in in vitro and in vivo sensing applications of proteins, microbes, and cells. The limitations and future perspectives of these emerging glyconanomaterials sensing systems are furthermore discussed.
Introduction
Carbohydrates are essential in living systems, and collectively have the highest abundance of all biomolecules in nature. They serve for example as energy storage and metabolic intermediates, and carbohydrates conjugated to proteins and lipids mediate molecular recognition, signal transduction, molecular trafficking, cell adhesion, cellular differentiation, inflammation and immune responses (Crocker et al., 2007; Dube and Bertozzi, 2005; Liu and Rabinovich, 2005; Szymanski and Wren, 2005) . However, individual carbohydrate-based interactions are often of low affinity, and to overcome this limitation, nature takes advantages of the multivalency effect, where carbohydrates are clustered together to interact with receptors cooperatively (Lee and Lee, 1995) .
Glyconanomaterials, where nanomaterials are used as scaffolds to present carbohydrates, have recently emerged as important structures, showing great potential in many applications including sensing and detection (Adak et al., 2014; Bernardi et al., 2013; Chen et al., 2014; El-Boubbou and Huang, 2011; García et al., 2010; Huang, 2013; Marradi et al., 2013; Reichardt et al., 2013; Wang et al., 2009a Wang et al., , 2010a . Compared to other types of scaffolds, nanomaterials offer a number of attractive features as carbohydrate carriers, such as high specific surface area for accommodating high density ligands, tunable size and shape for modulating ligand density and presentation, nanosized dimensions for exploring the interactions with organisms, and unique optical, electronic, photonic, or magnetic properties for transducing the molecular recognition signals for sensing and detection.
In this review, we begin with a brief discussion on coupling chemistry for glyconanomaterials, including a photoconjugation approach developed in our laboratory. We next summarize the synthesis of gold-, iron oxide-, carbon-, quantum dot-(QD-), silica-, liposome-, polymer-, and dendrimer-based glyconanomaterials, and their in vitro and in vivo applications in sensing and imaging of proteins, microbes, and cells. Finally, we discuss current limitations and future perspectives of this field.
perfluorophenyl azides (PFPAs) for molecular conjugation, provides in this context an efficient alternative.
Non-covalent conjugation
The non-covalent approach relies on conjugation of the carbohydrate structures to the nanomaterials via typical non-covalent interactions, such as charge interactions, hydrogen bonding, van der Waals' forces, or solvophobic effects. This approach can typically be used under relatively mild conditions, and often requires no, or minimal, chemical derivatization of the carbohydrate ligands or the nanomaterial substrates. The interactions can occasionally be very strong, for example based on biotin-streptavidin recognition, but the bond strengths may also be weaker, which could lead to detachment and thereby increased nonspecific interactions with the target. The process can also be non-selective and less controllable compared to covalent linkages. These effects must be taken into account, as they can affect the sensitivity and specificity in sensing applications. For certain systems, however, this approach is highly useful, efficiently applied to large carbohydrate structures like polysaccharides, glycoproteins, and glycolipids.
Covalent conjugation
Mono-and oligosaccharides are commonly conjugated to nanomaterials covalently, either directly or via post-modification coupling reactions. This approach holds the advantage of generating stable linkages and robust surface structures. Typical examples include thiol/disulfide chemisorption on gold and quantum dots, phosphates on iron oxides, and silanes on silica. Of the different covalent systems evaluated, thiol/gold is the most studied and used. This system is well established, relatively stable and reproducible. Post-modification coupling is based on typical conjugation chemistries where complementary functional groups react to form covalent linkages such as amides or triazoles. However, this approach generally requires chemical derivatization of the carbohydrates, the synthesis of which may present considerable challenges, especially for oligosaccharide structures.
In order to achieve high spatial and temporal control over the conjugation process, we developed a photocoupling chemistry that is based on fluorinated aryl azides Yan, 2006, 2010; Liu et al., 2010a; Park and Yan, 2013; Wang et al., 2009a Wang et al., , 2010a Yan and Harnish, 2003; Yan and Ren, 2004) . Upon light irradiation and nitrogen extrusion from the aryl azide group, highly reactive singlet nitrene entities are formed, which can insert into C-H bonds or add to C ¼C bonds. This method has been successfully applied to conjugation of carbohydrates (Wang et al., 2009b (Wang et al., , 2010b , small molecules (Al-Bataineh et al., 2009) , polymers (Gann and Yan, 2008; Wang et al., 2011) , carbon materials (Liu et al., 2010a (Liu et al., , 2010b , and discrete nanoparticles (Park et al., 2015) to different nanomaterials. Interestingly, this photocoupling approach can be efficiently used for un-derivatized carbohydrates, and is perhaps especially useful for oligosaccharides, which are often difficult to derivatize. Furthermore, the reaction is fast and straightforward, often occurring within minutes at room temperature. Maalouli et al. compared the photocoupling with the classic copper-catalyzed alkyne-azide cycloaddition reaction (CuAAC), and found that carbohydrate surfaces prepared by perfluorophenyl azide photocoupling had higher ligand density and also generated stronger surface plasmon resonance (SPR) signals than those prepared by the click reaction (Maalouli et al., 2013) .
Synthesis of glyconanomaterials
In this section, we focus on several key types of glyconanomaterials, including gold-, iron oxide-, carbon-, quantum dot-, silica-, liposome-, polymer-, and dendrimer-based glyconanomaterials. The specific synthetic approaches to the glyconanomaterials are summarized.
Gold glyconanomaterials
Gold nanoparticles constitute the most extensively employed and studied type of nanomaterials, basically due to the straightforward preparation and surface chemistry, the high stability, and the attractive optoelectronic properties. The particles give rise to localized surface plasmon resonance (LSPR) upon light irradiation, an effect that is highly sensitive to the dielectric environment close to the nanoparticle surface. This phenomenon renders the structures useful for transducing recognition events at the metal surface (Kelly et al., 2003) . Colorimetric sensing has thus been established based on the LSPR shift (Aslan et al., 2004; Saha et al., 2012; Wang and Ma, 2009) . When the carbohydrate-receptor interactions cause additional aggregation of gold nanomaterials, larger LSPR shifts will occur, leading to intense color changes that are often visible by the naked eye . This unique optical property allows for highly sensitive sensing and detection. In addition, the LSPR effect is not subject to blinking, an effect that is associated with quantum dots (QDs), or fluorophore photobleaching of organic structures (Wang et al., 2009a) .
Several methods have been employed to synthesize gold glyconanomaterials. A straightforward approach uses reducing sugars as both reducing agents and capping ligands during the formation of gold nanoparticles (Guo and Yan, 2008; Kemp et al., 2009) . As the gold precursors become reduced by the carbohydrates to generate gold nanoparticles, hydroxyl/gold interactions lead to a protective carbohydrate layer on the gold nanoparticles. Another in situ method involves the addition of thiol-functionalized carbohydrates to the gold precursors De la Fuente et al., 2001; Halkes et al., 2005) . The thiol-carbohydrate serves as the capping ligand for gold nanoparticles as they are formed. One drawback of this method is that the particle size could vary significantly depending on the ligand structure as well as the experimental conditions, which are difficult to predict and control (Sundgren and Barchi, 2008) . In the ligand exchange method (Chien et al., 2008; Hone et al., 2003; Mahon et al., 2010a; Thygesen et al., 2009) , gold nanoparticles are first prepared, and the original ligand is then replaced by thiol-terminated carbohydrates. This protocol could reproducibly generate nanoparticles with predicable sizes. Similarly, in our photocoupling protocol, gold nanoparticles are first subjected to thiol/disulfide-terminated perfluoroaryl azides, and are then subjected to light activation in the presence of carbohydrates (Jayawardena et al., 2013b) . With this protocol, a wide range of mono-, oligo-, and polysaccharides have been conjugated to different nanomaterials.
Magnetic glyconanomaterials
Magnetic nanomaterials constitute an important type of nanomaterials that display magnetic properties when subjected to external magnetic fields. Magnetite (Fe 3 O 4 ) nanoparticles are the most widely used type in sensing applications. Major attributes of Fe 3 O 4 nanoparticles include: i) straightforward preparation methods yielding particles of 5-30 nm size; ii) excellent biocompatibility, as exemplified by the FDA-approved formulations Feridex for liver imaging (Wang et al., 2001) and Feraheme for iron deficiency anemia ; iii) high magnetic relaxivities, rendering the materials well suited as contrast agents for in vitro/ in vivo magnetic resonance imaging (MRI); and iv) ease of surface functionalization (Gao et al., 2006) .
The most direct method to attach carbohydrates to iron oxide N. Hao et al. / Biosensors and Bioelectronics ∎ (∎∎∎∎) ∎∎∎-∎∎∎ 2 nanoparticles is to take advantage of their stabilizing properties during the nanoparticle synthesis (Horak et al., 2007) . However, excess carbohydrate is generally required for this approach, and the method is therefore used for easily accessible polysaccharides. An alternative strategy is post-modification of pre-formed nanoparticles by covalent conjugation, for example conjugation of carboxylated carbohydrates to amine-functionalized iron oxide nanoparticles (Shi et al., 2009; Srinivasan and Huang, 2008) . Carbohydrates were also conjugated by the CuAAC reaction, where alkyne-derivatized carbohydrates were allowed to react with azide-functionalized nanoparticles (El-Boubbou et al., 2007 Lin et al., 2007) . This coupling configuration was also reported to give better conjugation efficiency compared to coupling azidederivatized carbohydrates to alkynylated nanoparticles . In addition, biotinylated carbohydrates were synthesized and conjugated to streptavidin-coated magnetic nanoparticles (Hatch et al., 2008; Pera et al., 2010) . Our photocoupling chemistry can also be applied to make magnetic glyconanomaterials. In this case, iron oxide nanoparticles were treated with phosphate-derivatized PFPAs, to which carbohydrates were conjugated by light activation (Jayawardena et al., 2013a; Liu et al., 2009 ).
Carbon glyconanomaterials
Carbon nanomaterials include materials ranging from amorphous carbon to the more recently discovered fullerenes, carbon nanotubes (CNTs) and graphene. The many attractive physical properties of these materials render them highly useful for biosensing. However, these materials are fairly chemically inert, lack reactive functionality, have poor water solubility, and are potentially toxic to cells . This can however be overcome by carbohydrate functionalization, which improves solubility, biocompatibility and sensing capability.
Because carbon materials are generally non-polar and hydrophobic, non-covalent conjugation approaches often rely on van der Waals' forces, π-π stacking, and hydrophobic effects. Derivatization of carbohydrates with lipophilic groups are thus generally required, including lipids (Chen et al., 2004 (Chen et al., , 2006 Feng et al., 2011; Khiar et al., 2009; Murthy et al., 2012) , polyaromatic hydrocarbons (Chen et al., 2011; Sudibya et al., 2009; Wu et al., 2008) or porphyrins before treatment with the carbon substrate. Because the carbon glyconanomaterials are not chemically functionalized in these cases, their physical properties can be preserved.
Covalent modification requires either the carbon nanomaterials or the carbohydrates, or both, to be chemically functionalized. Among the carbon nanomaterials, the most homogeneous structures are obtained with fullerenes (Prato, 1997; Wudl, 2002) . For graphene and carbon nanotubes, the oxidized materials are most commonly employed, further functionalized with, e.g., amine-derivatized carbohydrate structures Gorityala et al., 2010) . Pristine graphene and carbon nanotubes are fairly inert, and require the use of reactive species to chemically functionalize them. These include aryl radicals from aryl diazonium salts (Pinson and Podvorica, 2005; Ragoussi et al., 2013) , 1,3-dipolar cycloaddition of azomethine ylides to form pyrrolidine , and cheletropic cycloaddition of nitrenes to form aziridines (Holzinger et al., 2003; Prato et al., 1993) . Studies in our group have for example shown that singlet perfluorophenyl nitrenes are especially useful, and highly reactive towards carbon nanomaterials (Park and Yan, 2013) . Once the materials are functionalized, functional groups can be introduced which can be readily used for carbohydrate conjugation (Kong et al., 2015) .
QD glyconanomaterials
Inorganic quantum dots (QDs) are luminescent semiconductor nanomaterials with attractive physical properties for biosensing. QDs can for example show broad optical excitation and narrow emission with good quantum yields, and are less susceptible to photobleaching (Alivisatos, 2004; Michalet et al., 2005) . Combined with the possibility for multivalent ligand presentation, these characteristics are appealing for sensing and imaging applications.
QD glyconanomaterials can be prepared by capping QDs with carbohydrates through non-covalent interactions, including hydrophobic effects (Osaki et al., 2004) and electrostatic interactions by mixing negatively charged CdSe/ZnS core-shell QDs, capped with carboxymethyl dextran and sulfanylsuccinate groups, with positively charged polylysine . Covalent approaches include in situ protocols, for example, based on the addition of thiol-functionalized neoglycoconjugates to QD precursor solutions (De la Fuente and Penadés, 2005; Mukhopadhyay et al., 2009) . The ligand exchange protocol is similar to the synthesis of gold glyconanomaterials, where the original capping agents can be replaced by thiol-derivatized glycoconjugates (Babu et al., 2007; Chen et al., 2008; Niikura et al., 2007 Niikura et al., , 2008 Robinson et al., 2005) . QD glyconanomaterials have also been prepared by post-modification protocols similar to gold nanoparticles (Higuchi et al., 2008; Kikkeri et al., 2009b; Sandros et al., 2007) .
Silica glyconanomaterials
Silica nanomaterials are highly tunable, show high thermal and mechanical stability, good water dispersability, and are easy to functionalize (He et al., 2010) . Among different silica formats, mesoporous silica nanomaterials are especially attractive, displaying large pore sizes, high internal volumes and surface areas (Hao et al., 2012 (Hao et al., , 2014a (Hao et al., , 2014b Zhou et al., 2015b) . Although silica nanomaterials do not inherently possess optical or magnetic properties, these properties can be easily introduced by entrapment of fluorescent dyes or encapsulation of gold/QDs/magnetic nanoparticles, enabling the use of these materials in sensing and imaging Trewyn et al., 2007) .
Carbohydrates are typically conjugated to silica nanomaterials through post-modification strategies, including, for example, amide/triazole formation and photocoupling. Examples of the popular CuAAC method include the conjugation of alkyne-or azide-functionalized carbohydrate derivatives (Peng et al., 2007; Zhao et al., 2012) , in the latter case resulting in galactose-presenting silica nanoparticles for sensing live hepatic cancer cells. Similarly, solid tumors were targeted with mannose-functionalized mesoporous silica nanoparticles (Gary-Bobo et al., 2011) . Our photocoupling method has furthermore been applied to aryl azide-functionalized silica nanoparticles, resulting in glyconanomaterials that were successfully used to sense proteins (Tong et al., 2012; Wang et al., 2011b Wang et al., , 2011c Wang et al., , 2013 , and detect bacteria (Jayawardena et al., 2013a Wang et al., 2011c ) and cancer cells (Jiang et al., 2015) .
Liposome/micelle glyconanomaterials
Amphiphilic molecules consisting of hydrophilic carbohydrate head groups and lipophilic hydrocarbon chain segments are generally able to self-assemble in aqueous solutions, some of which forming structures that can ultimately result in vesicular liposome-or micelle-glyconanomaterials depending on the relative lengths, sizes and structures of the involved segments. A large variety of such amphiphilic structures occur naturally (glycolipids) as part of cell membranes, and serve a variety of different functions in living systems. These and other structures can be prepared from suitable lipophilic entities, such as fatty alcohols, phospholipids, and cholesterol. Following self-assembly, the resulting liposome-or micelle-glyconanomaterials may possess several attractive features, such as high biocompatibility and loading capacity. The structures have furthermore the potential to be efficiently taken up by cells from interactions with the cell membranes, for example owing to fusion with the lipid bilayers of the membranes (Jayaraman et al., 2013) . In view of the similarities with glycolipidpresenting cell surfaces, these self-assembled structures show potential for a variety of applications, such as for instance inhibitor development and biosensors. Many strategies to prepare vesicular liposome-or micelle-glyconanomaterials via self-assembly of amphiphilic structures have been developed (Chabre and Roy, 2010; Jayaraman, 2009; Kiessling et al., 2006; Yan et al., 2005) . Principal synthetic approaches to multivalent aggregates include: i) direct self-assembly of appropriate glycosylated amphiphilic molecules, for example based on polyethylene glycol, peptides and/or alkyl linkers with long carbon chains; ii) incorporation of glycosylated amphiphilic molecules with suitable lipid matrices at optimal molar ratios (usually ∼5-10%); and iii) functionalization of pre-formed liposomes or micelles with specific carbohydrate structures (Harada et al., 2005) . Owing to their relatively straightforward fabrication, liposome-or micelle-based glyconanomaterials have continuously been developed for biomedical applications, and also as tools for biosensing (Assali et al., 2013; Hildebrand et al., 2002; Mahon et al., 2010b) . However, a number of challenges need to be addressed for efficient applications in sensing technology. For example, high densities of surface-exposed carbohydrates are difficult to obtain due to the increased risk of vesicular collapse from high concentrations of glycolipid elements. In addition, the orientation and mobility of the carbohydrate moieties can be difficult to control, resulting in reduced carbohydrate surface accessibility for efficient recognition. The structures may furthermore display relatively low stabilities and characterization can be challenging (Jayaraman et al., 2013) .
Polymer glyconanomaterials
Some of the limitations met with liposomes can be addressed with polymer-or dendrimer-based glyconanomaterials, i.e. synthetic polymeric/dendrimeric structures carrying core or pendant carbohydrate groups. Thus, the carbohydrate surface densities can in principle be improved, without the risk of severe disruption of the nanoparticulate structure. In addition, since multivalency is an attractive feature for sensing and recognition applications, increased interest in polymers and dendrimers as frameworks for carbohydrate presentation has emerged to improve the interactions between the binding partners. Together with developments in high structural control and biocompatibility, these features offer high potential for the materials to be employed in in vitro and in vivo sensing and detection.
The glycocode of living organisms being highly structure-dependent, the carbohydrate presentation on polymer glyconanomaterials has to be designed with high accuracy where small structural differences may considerably influence target binding. The correct carbohydrate arrangement along the polymeric skeleton is essential in order to accomplish specific recognition and cell communication effects. In principle, two methods can be adopted for polymer glyconanomaterials synthesis: polymerization with carbohydrate-functionalized monomers, and grafting carbohydrate entities to a polymer backbone. Traditionally, both methods have been carried out in a stochastic manner, resulting in relatively low control over the detailed structure. However, recent developments in controlled (radical) polymerization and solidphase synthesis have resulted in improved structural fidelity (Yilmaz and Becer, 2013) . These efforts, based on modern polymer chemistry in combination with glycoscience, has lead to enhanced Abbreviations: Carbohydrates Ara, arabinose; CD, cyclodextrin; Dex, dextran; Fuc, fucose; Gal, galactose; Glc, glucose; GlcNAc, N-acetyl-D-glucosamine; Lac, lactose; Man, mannose; Mal, maltose; Suc, sucrose. Proteins BSA, bovine serum albumin; BS-I, bandeiraea simplicifolia lectin I; ConA, Concanavalin A; GNA, Galanthus nivilis agglutinin; GS-II, Griffonia simplicifolia II; HPA, Helix pomatia agglutinin; MAA, Macckia amurensi agglutinin; MAL, maackia amurensis; PA-IL, Pseudomonas aeruginosa I lectin; PA-IIL, Pseudomonas aeruginosa II lectin; PNA, peanut agglutinin; PSA, Pisum sativum agglutinin; PTA, Psophocarpus tetragonolobus agglutinin; RCA 120 , Ricinus communis agglutinin; SBA, soybean agglutinin; SNA, Sambucus nigra agglutinin; SSA, Sambucus sieboldiana agglutinin; UEA, Ulex europaeus agglutinin; VAA, Viscum album agglutinin; WGA, wheat germ agglutinin. Instruments DLS, dynamic light scattering; DPV, differential pulse voltammetry; ITC, isothermal titration calorimetry; QCM, quartz crystal microbalance; SPR, surface plasmon resonance spectroscopy.
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7 understanding of polymer-and dendrimer-based glyconanomaterials, enabling more complex and well-defined architectures of different shapes with high biocompatibilities and affinities. The resulting glyconanomaterials show significant potential for many biological applications, perhaps especially for biosensors (Sunasee and Narain, 2013; Voit and Appelhans, 2010) . However, some of their properties may result in limitations, in particular with respect to the structural homogeneity from the polymer synthesis. These effects may be less important for certain applications such as (qualitative) binding and imaging, whereas detailed, quantitative analysis requires highly homogeneous entities.
Dendrimer glyconanomaterials
In contrast to regular polymers, dendrimers are in principle monodisperse macromolecules with well-defined, usually spherical, architectures. The structures are generally of high symmetry, comprise a core scaffold from which branching segments protrude, and are decorated with external functional groups (Astruc et al., 2010; Bosman et al., 1999) . In addition, dendrons, i.e. non-spherical, dendritic structures based on single focal points rather than cores with branching points in all directions, can be applied. The dendrimer structures typically contain internal cavities for potential encapsulation, while the external groups define the solubility and chemical performances. Reproducible synthesis of structurally defined entities is therefore accessible, where the structures can be tailored for specific applications. These features have led to the development of complex, yet highly defined, nanoscale carbohydrate-functionalized structures that are more robust than liposomes and which can be further modified (Ashton and Boyd, 1997) . High control of ligand densities can also be obtained, owing to efficient synthesis strategies developed. The resulting dendrimer glyconanomaterials have also increasingly found important uses in glycoscience and technology. Many examples of such structures have been reported over last two decades with the main purpose to enhance the binding efficiencies via the multivalency effect.
Three types of dendrimer glyconanomaterials can be distinguished, based on either carbohydrate core structures, pendant carbohydrate entities; or dendrimers built entirely from carbohydrates (Chabre and Roy, 2010; Turnbull et al., 2002) , generally synthesized following different divergent (from core and outwards) or convergent (assembly of dendrons) methodologies. Both synthetic methods are based on repeated reaction sequences, Fig. 2 . Gold glyconanoparticles for lectin recognition. Amino-terminated lactose was conjugated to the aldehyde-presenting gold nanoparticles by reductive amination. The resulting glyconanomaterials were subsequently applied to Ricinus communis (castor bean) agglutinin (RCA 120 ), resulting in significant aggregation and color changes. Reproduced from (Otsuka et al., 2001 ) with permission from the American Chemical Society. Fig. 3 . QCM sensor using gold glyconanoparticles. (a) Glyconanoparticles were prepared by treating gold nanoparticles with thiolated mannose. (b) Gold-plated QCM sensors were coated with mannan, to which ConA was adsorbed. The Man-conjugated gold nanoparticles were subsequently introduced, and bound to the protein surface through multivalent interactions. Repeated administration of protein and glyconanoparticles resulted in multilayer formation. Reproduced from (Mahon et al., 2013) by permission from the Royal Society of Chemistry.
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where each repetition leads to a new dendritic''generation'. The divergent approach requires highly efficient and orthogonal chemistry in order to avoid incomplete reactions, but minimizes potential steric complications. The convergent approach, on the other hand, normally yields dendrimer glyconanomaterials of high purity, but may suffer from steric constraints with hindered cores. Dendrimer glyconanomaterials show several advantages as carbohydrate-presenting entities when used in sensing applications. They are generally well-defined structures that display high chemical stabilities (Boas and Heegaard, 2004) , resulting in ease of characterization and evaluation. They permit geometrical control over carbohydrate positioning and density and can be constructed to show high degrees of multivalency (Seebach et al., 1998) . These advantages, however, come with a potential drawback of relatively high synthetic efforts, and high production costs.
Glyconanomaterials for sensing and imaging
For sensing and imaging applications, it is essential that the carbohydrates retain their recognition effects following their conjugation to the nanomaterials. Compared to other biological recognition elements such as antibodies and enzymes, this is less challenging since carbohydrates often display higher stabilities and a wider range of conditions can be applied. Nevertheless, the recognition effects are generally sensitive to the surface presentation, such as ligand density, linker length, surface chemistry, etc. In this section, we overview recent developments in in vitro/ in vivo sensing and imaging of proteins, microbes, and cells using various glyconanomaterials.
Sensing proteins
Many physiological and pathophysiological processes, such as cell-cell communication, cell adhesion, and cell infection, start with carbohydrates recognizing their cognate binding proteins (Holgersson et al., 2005) (Fig. 1) . Understanding the carbohydrateprotein interactions are important, and can generate new leads in developing diagnostic and therapeutic tools (Ernst and Magnani, 2009) . Glyconanomaterials can in this context serve as cell mimics, where the recognition event forms the basis for sensing proteins. Studies from our laboratory and others have shown that glyconanomaterials can amplify the binding affinity of carbohydrates to proteins by several orders of magnitude (La Belle et al., 2007; Liu and Yan, 2010; McLean et al., 2005; Wang et al., 2010b Wang et al., , 2011a Wang et al., , 2012 Wang et al., , 2013 . This laid a strong foundation for glyconanomaterials in sensing proteins with high sensitivity. Among the proteins tested, concanavalin A (ConA), is ubiquitously applied, especially used for basic studies to develop new sensing systems. In 2001, Kataoka's and Shinohara's groups used gold-and carbon-based glyconanomaterials to study carbohydrate-lectin interactions (Kato et al., 2001; Otsuka et al., 2001) . These pioneering studies demonstrated the feasibility of multivalent glyconanomaterials in sensing proteins. Table 1 summarizes examples when gold-, carbon-, polymer-, and dendrimer-based glyconanomaterials have been applied to sensing lectins. Well-established sensing and imaging techniques have generally been adopted, taking advantages of the unique properties of the proteins, as well as the specific physiochemical properties of the nanomaterials. Figs. 2-4 are selected examples where glyconanomaterials are used for sensing lectins. The most used transduction and imaging techniques include: 1) UV-vis spectroscopy/optical microscopy, which relies on the interactions of glyconanomaterials with proteins leading to light absorption/ scattering, causing absorbance changes. In addition, oligomeric carbohydrate-binding proteins can interact with multivalent nanoparticles to form aggregates, which can be visualized under the optical microscope or by naked eyes when the agglomerates are large enough. When gold glyconanomaterials are used, interaction/agglomeration also induces a bathochromic shift of the LSPR signal, together with a decrease in the absorption intensity. 2) Fluorescence spectroscopy/microscopy, which generally takes advantage of fluorescently-labeled proteins and/or glyconanomaterials in a variety of formats. 3) Surface plasmon resonance (SPR). SPR signals are generated upon the interaction of glyconanomaterials with protein-functionalized SPR sensor chips, or vice versa. β-D-Gal/Hepatocytes (Yoo et al., 2007) α-D-Man; Lac; α-Neu5Ac 2-3 μm Covalent (-biotin) E. coli ORN178; E. coli ORN208; J96; J96-PiIE; PT22ΔTox; B41; CFT073
4) Dynamic light scattering (DLS). Binding of glyconanomaterials
Optical microscopy 10 5 α-D-Man/E. coli ORN178 (Hatch et al., 2008) Vancomycin 10 nm Covalent (-NH 2 ) 9-12/particle E. coli; E. faecalis; S. epidermidis; S. aureus (Hulikova et al., 2011) to the proteins increases the hydrodynamic volume of the complex, which can be sensed by DLS. 5) Quartz crystal microbalance (QCM). QCM has proven especially suitable for nanomaterials, owing to their large molecular mass and thereby enhanced signals.
In addition, microarray technologies can be applied to several of the techniques. Multiple ligands are thus typically tethered to solid surfaces, and the parallel binding events with glyconanomaterials monitored. This technique is often preferred when highthroughput screening and rapid binding analysis are required.
Sensing microbes and cells
Infections by pathogens are often mediated by carbohydrate recognition at cell/virus particle surfaces (Fig. 1) (Finlay and Cossart, 1997) . Multivalent lectin-carbohydrate interactions generate strong adhesive forces, and can in this context be used as an effective means of sensing and detecting pathogens. Thus, glyconanomaterials can enable rapid and sensitive detection of pathogen and toxins without time-consuming procedures, such as multiple When influenza virus was added to the liposome, the solution changed to a pink or orange color. The colorimetric response was quantified by measuring the percent change in the absorption at 626 nm relative to the total absorption maxima, and the response increased with the amount of influenza virus added. Adapted from (Reichert et al. 1995) with permission from American Chemical Society. Table 2 . Fig. 5 shows an earlier example. As cellular surfaces are rich in carbohydrates, it is conceivable that glyconanomaterials could serve as cell mimics and interact with different biological entities. Compared to monovalent ligands, multivalent glyconanomaterials bind to cell receptors with greater avidity and specificity, and could lead to fine-tuned sensing combined with modern single particle-and cell detection techniques. The cell status could thus be analyzed more precisely and efficiently, providing in-depth understanding of the interactions between glyconanomaterials and cells. Among different sensing systems, UV-vis-and fluorescence spectroscopy/microscopy, SPR, and QCM, are for example amenable to quantitative analysis of the binding performance of glyconanomaterials to cell surfaces. Effective nanoprobes that can detect, image, and profile microbes and cells will not only aid the understanding of the roles carbohydrates played in disease process, but also the development of new theranostic tools in disease prevention and treatment.
Tissue-and in vivo-sensing/imaging
Early examples of glyconanomaterials research have focused on carbohydrate-mediated in vitro interactions of proteins, viruses and cells. Recent development has however emerged where carbohydrate ligands are used as targeting entities to direct the nanomaterials to receptor sites in vivo for imaging and tracking specific cells, tissues, and organs based on the selective carbohydrate/protein-carbohydrate interactions. Similar to sensing and imaging of cells, fluorescence spectroscopic/microscopic techniques are the most commonly adopted. In addition, typical medical imaging methods, such as PET and MRI are also applied, where the glyconanomaterials can serve as contrast agents.
In 2004, an early in vivo study was reported to show that glyconanomaterials could behave as anti-adhesion agents against progression of lung metastasis in mice (Rojo et al., 2004) (Fig. 6) . Table 3 summarizes examples of detecting and imaging specific disease states in animals using gold-, magnetic-, and QD-based glyconanomaterials. These results highlight the potential of glyconanomaterials for disease diagnostics and eventually as therapeutics to combat infection and cancer. The materials constitute in this sense a particular promising in vivo sensing and imaging platform, relatively easily modified to display high biocompatibilities, and avoiding immune responses and nonspecific interactions . However, when designing glyconanomaterials as theranostic platforms in vivo, clearance of the materials prior to reaching the therapeutic targets, and enzymatic degradation are important factors that need to be taken into consideration and more studies are warranted in this respect.
Summary and perspective
Clearly, the merge of nanotechnology with glycoscience has resulted in a wide range of important new applications, especially during the past decade. The emerging field of glyconanomaterials has witnessed rapid growth, and already shown strong potential in sensing and detection. A rich variety of glyconanomaterials has furthermore been developed, taking advantage of the different physicochemical properties of specific structures. This has had special impact on the biosensor area, where these materials are now used as useful sensing platforms.
Essential to glyconanomaterials synthesis is the coupling chemistries that can yield efficient conjugation of carbohydrates to nanomaterials. Either non-covalent or covalent approaches have been applied, resulting in functionalized nanomaterials that take advantage of their unique intrinsic properties. The nanomaterials furthermore result in multivalent presentation of the carbohydrate entities at their surfaces, thereby in a sense mimicking certain cells and virus particles. This feature often leads to dramatically increased affinities between the materials and the target receptors, with large impact on the sensing performance of the glyconanomaterials.
Until now, the carbohydrate displays developed have been fairly simple, especially in comparison to the complex carbohydrate-coating (sometimes called the glycocalyx) of different cells. New strategies are thus still needed, particularly regarding the synthesis of glyconanomaterials with high carbohydrate diversity and more sophisticated carbohydrate display, where the ligand density, spatial arrangement, and accessibility can be precisely controlled. This will ultimately result in detailed modulation of the affinities and specificities of the glyconanomaterials to suit different theranostic and biosensing requirements.
Nevertheless, a multitude of successful sensing applications using glyconanoparticles have been demonstrated, many of which mentioned in this review. Many different entities have thus been targeted, both in vitro and in vivo, ranging from discrete carbohydrate-binding proteins, such as lectins, through viruses, bacteria and mammalian cells, to sensing of tissues in live organisms. This development is in rapid progress, leading to sensing and imaging of specific binding partners and eventually to monitor various disease loci and states. Although such biomedical applications are of very high potential, the biodistribution, clearance, and biocompatibility of the glyconanomaterials need to be established for in vivo sensing. This development, together with the progress in glycoscience and glycobiology, will result in the realization of finetuned glyconanomaterials for efficient biosensing, diagnostics and therapeutics applications.
